Delayed central venous perforation is an uncommon but serious complication of central venous catheter insertion. An increase in catheter stiffness may have been responsible for our association of venous perforation with use of a guidewire insertion technique. A bench model was used to investigate the stiffness characteristics of thirty-four different types of catheters. The initial stiffness is poorly described by material or catheter gauge. A large range of values is seen between apparently similar catheters -the 16 gauge polyethylene catheter associated with two perforations at our institution had an initial stiffness value 7.5 Nm 2 X 10-5 at 37"C in comparison with our previous standard -the 16 gauge Deseret Intracath with an initial stiffness of 2 Nm 2 X 10-5. Multilumen catheters had a similar range of stiffness to single lumen catheters, while paediatric catheters in general were less stiff. Dialysis catheters were up to five times as stiff as the stiffest central venous catheter. Stiffness decayed at a rate and to an extent which differed from catheter to catheter. Absorption of water by the catheter appears to be one factor involved in stress relaxation.
Three days later the patient complained of dyspnoea, and following a poor response to frusemide, was referred to the Intensive Care Unit in gross respiratory failure. An underwater seal drain was inserted into the new right-sided pleural effusion and yielded 2500 ml of milky fluid. A delayed perforation of the superior vena cava was suspected, and methylene blue injected into the central line promptly appeared in the drain fluid. The line was replaced and the patient recovered with no further complications.
Case 2:
A 66-year-old man developed chest pain and shortness of breath two days after a 300 mm 16 gauge central venous polyethylene catheter (Cook) was inserted via the left subclavian vein using a guide wire technique. A chest radiograph revealed a left-sided pneumothorax and a right-sided pleural effusion which were not present on the post-insertion radiograph. The pneumothorax was managed by insertion of an underwater seal drain tube which also drained milky fluid, thought to be Intralipid. Further evidence of a delayed perforation was obtained when a right pleural tap yielded 2000 ml of milky fluid with a high glucose content. The line was removed and the patient made an uncomplicated recovery.
A literature search was undertaken for cases of delayed perforation of the right heart or superior vena cava reported before February 1986. Inclusion criteria were: proof of an intravascular position following insertion, e.g. a rapid flash-back of blood when the infusion set was lower than the patient, and evidence of perforation, e.g. a dye stud y, the identification of intravenous fluid in pleural drainage, or post mortem finding. The search revealed a total of 94 perforations. '·60 Although details such as the insertion site or the nature of the catheter material were not always stated, a number of points were clear (Table 1) .
The percutaneous entry site is not clearly related to the incidence of perforation. There were almost equal numbers of traumatic hydrothorax and pericardial tamponade with a much higher mortality (71 %) from tamponade. Of the survivors in the tamponade group, five had a 'ward thoracotomy', contributing to diagnosis and survival. Of further interest was the tendency ofleft-sided percutaneous entry to account for traumatic hydrothorax (67%). Presumably this tendency relates to the final position of the catheter tip.
Nearly half the length of the superior vena cava is covered by pericardial reflection which slopes downwards towards its lateral edge. To avoid the risk of tamponade, the tip of a central venous catheter must lie above this reflection and not in the right atrium, as suggested by some authoritiesY The pericardial reflection is usually below the carina on an A-P chest radiograph.
Many recommendations to prevent 45 49 perforation have been made, including siting of the catheter tip above the right atrium, avoidance of limb movement and rapid infusions, avoidance of peripheral insertion sites, and use of soft catheters. Therefore, to further investigate this complication we decided to measure catheter stiffness under near in vivo circumstances on the assumption that vessel wall damage, and therefore the risk of perforation, is increased with increasing catheter stiffness.
MATERIALS AND METHODS
The catheter stiffness was measured using a cantilever beam technique, where the force F required to deflect a beam of unsupported length L is related to the deflection y by the following equation: The factors which contribute to the stiffness of the beam, namely the modulus of the beam material E and the section modulus I of the beam, can be grouped on one side of the equation.
EI= FV 3 y Thus the stiffness of the beam (El) can be calculated by determining the force F required to deflect the beam a distance y.
The catheters were equilibrated at the testing temperature of 37"C prior to insertion in the apparatus. One end of each catheter was clamped in the jaws shown in Figure 1 . A metal rod was inserted into the catheter over the length of the jaws to prevent distortion at the critical position of maximum stress immediately adjacent to the jaws. The force ~----,Catheter y y Jaws L FIGURE I.-One end of a catheter is clamped in the jaws, and the force required to displace the other end a distance of Y is measured. L = Length of catheter distal to the jaws.
was measured a distance L = 20 mm from the jaw face by attaching a knife-edge to the weighing pan of a PM460 Mettler balance with a stated reproducibility of 0.003 g and with a stabilisation time of two seconds. The jaws were then displaced vertically a distance of y = 12 mm at an approximately constant rate such that the operation was completed in five seconds. The force data were then collected by a computer as a function of time via the RS232 port on the balance. Thirty-four different catheters (adult and paediatric, single and multi-lumen) were examined ( Table 2 ). Between one and six separate catheters of each type were tested immediately after removal from their sterile packaging. Some pilot studies were also performed after removal following days to weeks in situ in patients and after catheters had been soaked in plasma protein solution.
RESULTS
It has been customary to quote stiffness in terms of the static stiffness, a value !f.,V Lf..
t:a ~<F"
Q<i; determined at some nominal time after the application of the displacement. In fact, the term static stiffness is a misnomer and should only be applied to materials which possess time independent mechanical behaviour. Unfortunately, in the case ofStenqvist et al., 62 although the catheter tip was displaced at a constant velocity, the exact time at which the force was recorded was not stated and therefore direct comparisons are not possible.
Anaesthesia and lntensi,'e Care. Vo/. 16. No. 3. August, 1988 Stiffness (El at t = 10 seconds) results are shown in Figures 2 to 5 in clinically similar groups of catheters. Stiffness is expressed in Nm 2 X 10-5 • All results are expressed on the same scale, apart from certain stiff catheters, whose scale is expanded some five times.
Single lumen catheters (Figure 2)
Thirteen catheters suitable for use in adult patients (16 gauge except those labelled' 14#') were examined. Catheters shown to the right of the 'Intracath' in Figure 2 are inserted via a Seldinger wire and are stiffer than those inserted through cannula or needle. The two cases of perforation described in this article were with a Cook polyethylene catheter, which is four times stiffer than our previous standard catheter, the 16 gauge Intracath. The exception, in this group, is the catheter labelled 'Cook Soft', which is inserted via a Seldinger wire, but because it was not commercially available, there is no record of experience. Multilumen catheters ( Figure 3) A variety of double-and triple-lumen catheters were examined. All are inserted via a Seldinger wire and offer a range of internal lumens. The Edwards Multimed double-and triple-lumen catheter and Arrow doublelumen catheter have low stiffness values at around 2 Nm 2 X 10-5 • The Arrow and Deseret triple-lumen catheters have an in termedia te stiffness, and the Cook polyethylene multilumen catheters are the stiffest. Paediatric catheters (Figure 4 ) Eight different paediatric catheters suitable for use in children were examined. Only the Cook and Arrow catheters are inserted using a guide wire technique. Generally low stiffness values were observed, apart from the 18 gauge Cook and 20 gauge Arrow, which had values of 4 Nm 2 X 10-5 • Stiff catheters ( Figure 5 )
This group is a collection of catheters not included elsewhere in this report. Two singlelumen haemodialysis catheters were examined. The Cook polyurethane catheter was about 1I1Oth the stiffness of its Teflon counterpart. The others are cannulae commonly inserted via the jugular vein. They have a minimum stiffness of 12 Nm 2 X 10-5 • 
Stress relaxation
The results so far discussed refer to stiffness measurements after an elapsed time of 10 seconds. However, as shown in Figure 6 , the stiffness is seen to decay as a function of time and it is necessary therefore when comparing catheters to take this into consideration. Because of the exponential nature of the decay, it is appropriate to replot the data on a 10gIo time basis, and to further help with comparisons the stiffness is plotted on the ordinate axis as a percentage of the initial stiffness. The initial stiffness can be obtained from extrapolating the data back to zero time.
It is important to note that although the two catheters shown in Figure 7 had very similar short time stiffness values (e.g. El at t = 10 seconds), the stiffness of the polyvinyl chloride (PVC) catheter decayed to half the initial value within minutes compared to hours for the polyurethane (PU) catheter.
A representative series of catheters are shown in Table 3 listing the initial stiffness (El at t = 0 seconds) and the time for the stiffness to decay to half the initial value, viz t'l,. The three catheters capable of rapid stiffness relaxation are made from PVC, whereas the other polymers tested tend towards slower relaxation characteristics.
Effect of moisture
Of the polymers tested, only PVC and PU absorb an appreciable amount of water -up to 2% of their mass. This would be expected to decrease catheter stiffness and may be an important factor in determining in vivo stiffness.
A small number of catheters were tested after removal in vivo or before and after being soaked in plasma protein solution. PU and PVC catheters showed a small decrease in stiffness of 10-20% of the initial stiffness. Further work is required in this area and also to investigate the effect of ambient temperature. 
DISCUSSION
Claude Bernard, a pioneer of cardiac catheterisation in animals, reported a case of right ventricular perforation and pericardial tamponade on his first attempt. Later, Werner Forssmann, credited with insertion of the first central venous catheter in man, noted that one must know the anatomy, use an appropriate catheter, and be gentle. 63 Of course, the same advice applies today. In the literature there are many 'preferred sites' for the tip of a central venous catheter. By referring to the relevant anatomy, an ideal site is above the pericardial reflection, preferably high in the superior vena cava, bearing in mind the ability of the catheter tip to advance up to 70 mm with body movement. 12 Our experience of an apparent increase in the incidence of delayed perforation is associated with the use of stiffer catheters. The Seldinger technique has numerous advantages for insertion of central venous catheters, but has been associated with the use of stiffer catheters. Extremely soft catheters may be difficult to insert over a wire. One solution has been the use of a rigid dilator, followed by a soft catheter.
However, there are other factors to consider when selecting a catheter on the basis of stiffness. First, it can be misleading. That is, data obtained by the simple manual 'feel' of the catheter or a specification on the package (or brochure) that describes a 'static' stiffness. Furthermore, for some polymers, e.g. PVC, the modulus E is temperature sensitive and the value of E can change markedly over a range in the vicinity of ambient temperature to 37"C. Secondly, the stress relaxation data do not fit a simple exponential function over a prolonged period of insertion (hours to days) and it is appropriate to indicate the stress relaxation rate by a single time constant for a catheter. The best that can be suggested is the time to decay to half of the initial stiffness (t'h as tabulated in Table 3 ).
The stiffness value (El) consists of two components -Young's modulus (E) which describes the inherent stiffness of the polymer and the moment of inertia (I) which is related to the geometrical shape of the catheter. While a particular polymer may have, say, a low Young's modulus, it does not follow that the stiffness of the catheter is also low, e.g. the Cook single-lumen catheters are made from the same polyethylene and while the 16 gauge and 18 gauge are relatively stiff, the 22 gauge is extremely soft in relation to other catheters of the same internal diameter.
While this study was motivated by problems of perforation, catheter stiffness may also be a cause of, or be associated with, thrombus formation. Hecker 64 -66 found an increased mass of thrombus with increased exposure time and increased surface area of catheter exposed. However, while various catheters were associated with large or small amounts of thrombus, there was no direct Anaesthesia and Intensi,'e Care, Vot. 16, No. 3, August, 1988 relation to the material of construction of the catheter, i.e. the polymer type. Thrombus is known to start on sites of endothelial damage and insertion site and catheter tip withdrawal venography in patients with central lines suggest that stiffer catheters have higher thrombus rates, while in vitro platelet adhesion, surface morphology and heparin bonding had little influence on thrombosis rates. 67 -69 This remains a disputed area awaiting further clinical studies.
It is suggested, in fact, that the ideal catheter is one that exhibits a high initial stiffness to allow easy insertion, but then exhibits substantial stress relaxation to reduce the value of the force applied by the catheter tip on the adjacent vessel wall.
In conclusion, measurement of catheter stiffness at 37°C showed a large range of results consistent with our impression that stiffer catheters may be responsible for an increased incidence of perforation. The polymer type, catheter gauge or number of lumens does not correlate with stiffness. Catheter tip movement is common with postural changes. This may mean that stress relaxation and initial stiffness are both important factors. Further work is needed to clarify the effects of water absorption, duration of insertion and temperature on performance.
The ideal catheter may be one that initially has a stiffness sufficient to affect ease of insertion, but then exhibits a high stress relaxation rate to reduce the possibility of vessel wall damage by the catheter tip. Systems for respiratory support are becoming increasingly expensive and complex. Many systems suffer inadequacies when usedfor spontaneous ventilation. Some modes on newer ventilators are rarely used because of the complex controls and settings. There is no truly universal ventilator that satisfies every intensivist's wishes. CPAPIIMV is becoming accepted as the standard management of many patients with acute respiratory failure and there would be few intensive care units where CPAPIIMV is not used for part of a patient's respiratory support. We describe a cost-effective system that may be used for respiratory support in the spontaneously breathing mode. This system combines a high flow venturi, an efficient humidifier and an inexpensive reliable ventilator that can be usedfor adult and paediatric patients. The system, primarily for use in patients breathing spontaneously, functions well in patients requiring full ventilation.
A Continuous High Flow Intermittent Mandatory Ventilation System Incorporating a Downs

